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Microelectrode determination of pH and Pco2 in rat proximal
tubule after benzolamide: Evidence for hydrogen ion secretion.
Previous micropuncture studies supporting hydrogen secretion
as the mechanism of bicarbonate reabsorption have relied on the
demonstration of an acid disequilibrium pH in the proximal tu-
bule after systemic administration of a carbonic anhydrase inhib-
itor. Previous calculations of disequilibrium pH, however, have
involved the necessary assumption that Pco2 in the proximal
convoluted tubule was equal to arterial blood Pco2. This assump-
tion can no longer be supported in view of the recent demonstra-
tion that the Pco2 in proximal and distal tubular fluid exceeded
arterial blood by approximately 25 mm Hg. The purpose of the
present study was to determine directly pH and Pco2 with micro-
electrodes in both the early and late segments of the accessible
proximal tubule of nine Sprague-Dawley rats before and after
administration of benzolamide (2.0 mg/kg/hr, iv.). In the early
proximal tubule, pH decreased significantly after benzolamide
administration from 6.98 0.03 to 6.62 0.03 pH U (P < 0.001),
andPco,alsodecreasedfrom 65.1 1.2to 59.3 l.4mmHg(P
< 0.005). In the late proximal convoluted tubule, pH did not
change after benzolamide (6.75 0.02 to 6.77 0.02), but Pco2
decreased significantly (64.3 1.5 to 57.7 1.6) (P < 0.01). We
conclude: (1) the fall in both pH and Pco, in the early proximal
tubule indicates that carbonic acid, not carbon dioxide accumu-
lates after inhibition of luminal carbonic anhydrase; (2) although
Pco2 also decreased in the late proximal tubule, unlike the early
segment, pH was unchanged after benzolamide administration,
perhaps as a result of increased bicarbonate delivery; and (3)
Pco2 in vivo was significantly greater than was systemic arterial
Pco2 before and after benzolamide administration in both the
early and late proximal convoluted tubule. These findings lend
support to the view that bicarbonate reabsorption in the proximal
convoluted tubule occurs, in part, by hydrogen secretion.
Dtermination du pH et de Ia Pco2 dans le tube proximal du rat
aprés benzolamide: Preuve de Ia secretion de l'ion hydrogène. Les
travaux de microponctions antérieurs en faveur de la sécrtion
d'ions hydrogene comme m&anisme de Ia rabsorption de bi-
carbonate ont repose sur Ia demonstration d'un pH acide de des-
equilibre dans le tube proximal après l'administration systé-
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mique d'un inhibiteur de l'anhydrase carbonique. Cependant
les calculs antCrieurs du pH de dCsCquilibre ont impliqué
l'hypothêse nëcessaire selon laquelle Ia Pco2 du tube contourne
proximal est ëgale a celle du sang artdriel. Cette hypothése ne
peut plus Ctre soutenue du fait de la demonstration rCcente que
Ia Pco2 du liquide tubulaire proximal et distal est supérieure
d'environ 25 mm Hg a celle du sang. Le but de ce travail ëtait de
determiner directement le pH et La Pco, au moyen de micro-
electrodes dans les segments precoces et terminaux du tube
proximal accessible de neuf rats Sprague-Dawley avant et aprés
l'administraton de benzolamide (2,0 mglkg/hr, iv.). Dans le tube
proximal prCcoce le pH diminue significativement aprés ben-
zolamide de 6,98 0,03 a 6,62 0,03 U pH (P < 0,001) alors que
Ia Pco2 diminue aussi de 65,1 1,2 a 59,3 1,4 mm Hg (P <
0,005). Dans le tube contourne proximal terminal le pH ne
change pas aprês benzolamide (6,75 0,02a 6,77 0,02) mais Ia
Pco2 diminue significativement (64,3 1,5 a 57,7 1,6) (P <
0,01). Nous concluons: (1) que la chute simultanCe de pH et Pco,
dans le tube proximal prdcoce indique que acide de carbonique,
et non carbon dioxide, s'accumule apres l'inhibition de
l'anhydrase carbonique; (2) bien que Ia Pco2 diminue aussi dans
le tube contourne proximal tardif Ic pH, a La difference du seg-
ment prëcoce, n'est pas modifié aprés benzolamide, probable-
ment du fait d'une augmentation du debit de bicarbonate; et (3)
que la Pco2 in vivo est significativement supCrieure a la Pco2
artérielle systemique avant et aprés benzolamide, a la fois dans
les segments prCcoce et tardif du tube contoumé proximal. Ces
constatations plaident en faveur du fait que la reabsorption de
bicarbonate dans le tube contourne proximal est effectuée, en
partie, par Ia sécrëtion d'ion hydrogéne.
Previous in vivo micropuncture studies support-
ing hydrogen ion secretion as the mechanism of re-
nal bicarbonate reabsorption have relied on the
demonstration of an acid disequilibrium pH in prox-
imal and distal tubules of the rat kidney 111-3]. The
determination of disequilibrium pH represents the
difference in equilibrium pH and in situ pH. Thus,
in an off-equilibrium state, a negative disequilibrium
pH is indicative of hydrogen ion secretion (acid
PHdiseg), whereas a positive disequilibrium pH (a!-
kaline PHdjseq) is indicative of primary bicarbonate
reabsorption [4—6]. The necessary assumption,
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however, inherent in the calculation of dis-
equilibrium pH, as previously applied, has been that
tubular fluid and systemic arterial Pco2 are equal [1,
2]. Recent direct measurements of Pco2 in struc-
tures of the rat renal cortex from our laboratory [7],
as well as by Sohtell and Karlmark [8], indicate,
however, that the carbon dioxide tension of system-
ic arterial blood and proximal tubule fluid are not in
equilibrium in this species. The magnitude of the
Pco2 in the proximal tubule during control condi-
tions (65 mm Hg) [7], however, could not account
alone for the magnitude of the acid disequilibrium
pH observed by Rector, Carter, and Seldin [1], or
by Vieira and Malnic [2], after systemic administra-
tion of carbonic anhydrase inhibitors. Since it has
been suggested that carbonic anhydrase might facil-
itate the diffusion of carbon dioxide gas across the
red cell membrane [9] and the proximal tubular epi-
thelium [10], the localization of carbonic anhydrase
in the brush border and basal-lateral membranes of
membrane vesicles prepared from proximal renal
tubular cells [11] suggests that carbonic anhydrase
inhibition could impair carbon dioxide diffusion
from the proximal tubular lumen, thus increasing lu-
minal Pco9 and accounting, in part, or totally, for
the generation of an acid disequilibrium pH [12].
We have previously observed, however, that the in
situ Pco2 of randomly selected proximal and distal
tubules, as well as the stellate vessel, decreased sig-
nificantly and of the same magnitude after systemic
administration of the carbonic anhydrase inhibitor
benzolamide [7]. Although this finding is evidence
against a significant impairment of carbon dioxide
diffusion across the proximal tubule epithelium dur-
ing carbonic anhydrase inhibition, measurement of
both in situ pH and Pco2 in the early and late seg-
ments of the proximal tubule would be required to
further assess the means by which a disequilibrium
pH might be generated during this condition. More-
over, previous studies in which in situ pH has been
measured in randomly selected proximal tubules
during carbonic anhydrase inhibition indicate either
no significant change in tubular fluid pH [2] or a sig-
nificant decrease [1].
The purpose of this study was to determine di-
rectly both pH and Pco2, for the first time, in the
early and late superficial segments of the proximal
convoluted tubule before and during systemic ad-
ministration of benzolamide.
Methods
Nine adult Sprague-Dawley rats (mean weight,
215 g) were anesthetized with mactin (Promonta,
Hamburg, West Germany), 100 mg/kg body wt, i.p.,
and prepared for micropuncture exactly as reported
previously [7].
The in situ pH of early and late superficial proxi-
mal tubules was measured with single-barreled
glass membrane pH microelectrodes of 4- to 7-z tip
diameter, recently developed in our laboratory [13].
Single-barreled pH electrodes were used because
transepithelial potential does not exceed 5 mY in
this segment [14]. In addition, we compared pH
measurements obtained with both double and
single-barreled electrodes in the proximal tubule
and found no significant difference. In situ Pco2 was
measured with Pco2 microelectrodes of 5- to 8-js tip
diameter, as previously described [7].
Early and late segments of the superficial proxi-
mal convoluted tubule were localized by observing
the passage of lissamine green dye (30 to 50 j.d of
10% solution). Early proximal tubules were defined
as those loops first appearing on the surface and
were confirmed by perfusing the selected loop with
0.4% lissamine green in Ringer's bicarbonate. Late
proximal tubules were defined as those loops last
appearing on the surface during the proximal tubule
phase of the transit time, as previously described
[15]. That the early and late segments were portions
of the same nephron was confirmed by perfusion
with lissamine green (0.4%) as described above.
Rats having proximal transit times greater than 13
seconds were not accepted for micropuncture. Data
were not obtained until 45 mm after the last injec-
tion of lissamine green. Each of the nine rats served
as its own control. During the control period, Ring-
er's bicarbonate (sodium, 140; chloride, 115; bi-
carbonate, 30; and potassium, 5 mEq/liter) was in-
fused at a rate equivalent to 1% of body weight per
hour. In situ Pco2 was then determined in the se-
lected early and late segments of the same proximal
tubule. This was followed immediately by determi-
nation of in situ pH. Control Pco2 and pH measure-
ments were accomplished within 30 to 45 mm. Ben-
zolamide was then administered initially as a bolus
(2.0 mg/kg body wt) followed by a maintenance in-
fusion of 2.0 mg/kg/hr in 300 m sodium bicarbo-
nate at 1.2 mllhr, as previously described [7]. A bi-
carbonaturia was observed within 5 mm in all nine
rats. Micropuncture was begun within 4 to 5 mm
after benzolamide infusion and was completed in a
subsequent 30 to 45 mm.
Arterial blood pH and Pco2, and urine pH and
Pco2, were determined on a blood gas analyzer
(model 165, Corning Medical, Corning Glass
Works, Medfield, Massachusetts). Measurement of
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Table!. Effect of iv. benzolamide on in situ pH and Pco2 in the rat proximal tubulea
Systemic arteria1 blood
pH
Urine
Pco2
EPCT
pH Pco2 pH
LPCT
Pco2pH Pco2 HCO3
U mm Hg mEqiliter U mm Hg U mm Hg U mm Hg
Control (N = 9) 7.33
0.02
(18)
41.5
1.7
(18)
21.0
0.5
(18)
5.90
0.43
(9)
41.3
7.8
(9)
6.98
0.03
(26)
65.0
1.2
(28)
6.75
0.02
(47)
64.3
1.5
(26)
Benzolamide, 7.30 41.8 19.9 7.76 113.7 6.62 59.3 6.77 57.7
2.0 mg/kg body wt 0.02 2.6 0.8 0.07 13.9 0.03 1.4 0.02 1.6
(N = 9) (18) (18) (18) (9) (9) (59) (32) (73) (33)
P NS NS NS <0.001 <0.001 <0.001 <0.005 NS <0.01
Abbreviations are defined as: EPCT, early proximal convoluted tubule; LPCT, late proximal convoluted tubule; N, number of rats.
Parentheses in body of table enclose number of determinations.
6.6
70
65
6
S
600
55
in situ pH and Pco2, as described above, were a!- (P < 0.001), whereas Pco2 also decreased slightly
ways bracketed with arterial blood gas determina- but significantly (65.0 1.20 to 59.3 1.40 mm
tions before and after data collection (not greater Hg) (P < 0.005). In the LPCT, however, the pH in
than 30 mm) to insure stability of the animal prepa- situ was not changed after benzolamide administra-
ration. Data were not accepted if arterial Pco2 be- tion (6.75 0.02 to 6.77 0.02) (P < 0.05), where-
fore and after data collection varied > 5.0 mm as Pco2 decreased significantly (64.3 1.53 to
Hg. 57.7 1.62) (P < 0.01). The value for Pco2 in both
The results are expressed as mean values their segments of the proximal tubule were similar dur-
respective SEM for each period. Statistical signifi- ing the control period and decreased similarly after
cance between mean values was calculated with the benzolamide.
Student's t test for paired or unpaired data where
appropriate.
.Discussion
Results
The present study was designed to provide direct
determinations of in situ pH and Pco2 during con-
A summary of the findings in the nine Sprague- trol conditions and after systemic benzolamide ad-
Dawley rats during the control period are presented
in Table 1. Values for systemic arterial pH, Pco2,
and bicarbonate concentrations are similar to vat- 0•
ues previously reported from our laboratory [7].
Following intravenous administration of ben- 69
zolamide, urine pH and Pco2 increased significantly
(5.90 0.43 to 7.76 0.07 and 41.3 7.80 and
113.7 13.90, respectively) (P < 0.001), whereas
68
.
6.7
—
NS
values for systemic arterial pH, Pco2, and bicarbo-
nate were not affected. Values for in situ pH and
Pco2 in the early (EPCT) and late (LPCT) segments
of the proximal tubule are displayed in Table 1 and
Fig. 1 and are similar to the values previously re-
ported from our laboratory [7] (submitted for pub- P < 0.005 p <0.01
lication). Although Pco2 was always determined
first in this study, this sequence of micropuncture I______________
should not adversely affect the results, as evidenced Control Benzolamide Control Benzolamide
by the demonstration of similar values for both pH EPCT LPCT
and Pco2 measured in random order in other studies Fig. 1. Effect of i.v. benzolamide on in situ pH and Pco2 in seg-
from our laboratory [7]. After administration of
.
benzolamide, in situ pH in the EPCT decreased
significantly (6.98 0.03 to 6.62 0.03 pH U)
ments of the rat proximal tubule. Pco2 (lower portion of abcissa)
and pH (upper portion) values are depicted during control condi-
tions and after benzolaniide in the EPCT (left panel) and LPCT
(right panel).
p<0.001
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ministration. Four key findings emerge (Fig. 1): (1)
Pco2 in both the early (EPCT) and late (LPCT) seg-
ments of the superficial proximal convoluted tubule
decreased slightly but significantly after ben-
zolamide administration, (2) pH in the early proxi-
mal tubule decreased significantly despite the ob-
served decrease in Pco2, whereas (3) pH in the late
proximal tubule remained unchanged, and (4) val-
ues for Pco2 in the EPCT and LPCT were signifi-
cantly greater than were values for systemic arterial
Pco2 (P < 0.001), but they were not different from
each other. The observed mean decrease in pH in
the EPCT of 0.36 pH U while Pco2 in situ also de-
creased indicates that the decrease in pH was due to
accumulation of carbonic acid, not carbon dioxide.
The mechanism by which the proximal tubule ac-
complishes the reabsorption of 80 to 90% of the fil-
tered bicarbonate is generally accepted to be a re-
sult of hydrogen ion secretion into bicarbonate-con-
taining tubular fluid, thereby generating carbonic
acid, which dehydrates to carbon dioxide and en-
ters the cell where under the influence of carbonic
anhydrase it ultimately forms bicarbonate, which
then is transported passively by unknown mecha-
nisms into interstitial fluid or the peritubular capil-
lary [1-6, 16-18]. That bicarbonate reabsorption
and acidification of tubular fluid could also result as
a consequence of primary reabsorption of the bi-
carbonate ion per se, either instead of [19], or in
association with [20] hydrogen ion secretion, has
been emphasized by others. Previous micro-
puncture studies which have supported the hydro-
gen ion secretory hypothesis have used the dis-
equilibrium pH calculation [1, 2]. This calculation,
as previously applied, has been based on the as-
sumption that systemic arterial and tubular fluid
Pco2 are equal, because for the measurement of
equilibrium pH (in vitro), the sample was equilibrat-
ed with a Pco2 near systemic arterial Pco2 (40 mm
Hg) [1, 2]. The demonstration of a significantly ele-
vated Pco2 in the structures of the renal cortex [7]
seriously brings into question both the previously
determined value for disequilibrium pH as well as
the proposed mechanism of bicarbonate reabsorp-
tion. In fact, we have emphasized that the finding of
a significantly elevated Pco2 in the proximal tubule
alone cannot differentiate between hydrogen ion se-
cretion or primary bicarbonate reabsorption [7].
The findings in the present study, of a decrease in
pH in the EPCT while Pco2 also decreased, strongly
support the hydrogen ion secretory mechanism
because carbonic acid, not carbon dioxide, would
accumulate during this condition.
The magnitude of the acid disequilibrium pH nec-
essary to account for all of bicarbonate reabsorp-
tion by hydrogen ion secretion has previously been
calculated by Rector to be approximately —1.45 U
[21]. This calculation has as its basis the findings of
Walser and Mudge [22], which indicate that for the
uncatalyzed reaction to account for the observed
rate of bicarbonate reabsorption, the steady-state
concentration in tubular fluid must be at least ten
times greater than that concentration that would be
present if carbonic acid were in equilibrium with the
carbon dioxide in the proximal tubule. In this re-
gard, it should be noted that the observed decrease
in pH in the EPCT after benzolamide administration
in the present study was 0.36 U, a value which dif-
fers significantly from either the previously report-
ed disequilibrium pH [1, 2] or the calculated value
of —1.45 U [21]. We do not, however, report values
for equilibrium pH. Moreover, the observed de-
crease in in situ pH cannot be assumed to represent
alone the magnitude of the expected disequilibrium
pH. In fact, Rector, Carter, and Seldin previously
observed a significant increase in equilibrium pH in
the proximal tubule after benzolamide administra-
tion equal to 0.24 pH U [1]. This latter study has
two disadvantages, however: (I) values for equilib-
rium pH were measured in vitro with quinhydrone
electrodes, the disadvantage of which includes un-
satisfactory calibration; and (2) the quinhydrone
electrode was filled with mineral oil equilibrated
with 5% carbon dioxide, which does not reflect the
in vivo condition. Attempts to directly measure
equilibrium pH in our laboratory have been unsuc-
cessful to date because we have been unable to
avoid carbon dioxide loss from the aspirated tubular
fluid in vivo. An electrode capable of circumventing
this problem and thus allowing equilibration at the
ambient Pco2 in vivo (65 mm Hg) is presently under
development. Until this determination can be made,
the magnitude of the disequilibrium pH in the proxi-
mal tubule cannot be stated with certainty. If one
assumes, however, reaction equilibrium in the
proximal tubule lumen, an assumption supported by
the observation that tubule fluid is in functional con-
tact with carbonic anhydrase [11] and by our own
recent observations of agreement of calculated and
measured values for total carbon dioxide concentra-
tion in this structure (submitted for publication), the
concentration of bicarbonate in the EPCT could be
calculated to equal approximately 15 m. If this
concentration could be assumed to remain stable in
the EPCT after carbonic anhydrase inhibition (an
assumption more reasonable for the EPCT than it is
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for the LPCT), a minimum value for disequilibrium
pH can be estimated to be approximately —0.40 U.
It should be emphasized, in addition, that the pres-
ent study was performed in the Sprague-Dawley
rat, a species in which the first surface convolutions
appear some 1.06 mm from the glomerulus beneath
the surface [23]. Therefore, our findings could rep-
resent an underestimate of the magnitude of the dis-
equilibrium pH within the first 1.0 mm of the proxi-
mal convoluted tubule. Surely, because we demon-
strate a decrease in both pH and Pco2, we can state
that the direction of the disequilibrium pH (nega-
tive) would support hydrogen ion secretion, not bi-
carbonate reabsorption alone. We emphasize, how-
ever, that a component of primary bicarbonate
reabsorption in association with hydrogen ion se-
cretion could also be present, but undetectable, as
noted by Maren [20].
Our observation of a fall in pH in the EPCT but
no change in this value in the LPCT contrasts slight-
ly with the recent findings of Lang et a! [24]. Al-
though these investigators demonstrated a similar
fall in pH in the EPCT (0.42 U), they observed a
significant increase in pH in the LPCT (0.27 U).
Their protocol differed, however, from ours in that
pH was recorded continuously while benzolamide
was administered. These investigators also added
benzolamide-containing solutions to proximal tu-
bules in vivo under free-flow conditions, and similar
results were obtained [24]. Furthermore, when ben-
zolamide-containing solution was perfused into late
proximal tubules, a decrease in pH also was ob-
served in this segment. They interpreted these re-
sults as indicative of carbonic acid accumulation in
the EPCT (acid disequilibrium pH), but they as-
sumed the increase in pH in the later portion of the
nephron to be due to the accumulation of bicarbo-
nate. Because others have observed considerable
variability in late proximal tubule bicarbonate con-
centration after intravenously administered ben-
zolamide [25], such variability, if also a factor in the
present study, might explain, in part, the difference
in our findings and those of Lang et al [24] in the
LPCT. The similarity of our observations and those
in the study cited above [25] in the EPCT lead to the
same conclusion, and the two studies are in this re-
spect highly compatible.
Summary. Our findings of a significant fall in both
pH and Pco2 in the early proximal tubule after the
systemic administration of carbonic anhydrase in-
hibitor are indicative of luminal accumulation of
carbonic acid due to hydrogen ion secretion into
bicarbonate-containing tubular fluid and, thus, are
compatible with the traditional view of the mech-
anism governing renal bicarbonate reabsorption. It
must be cautioned, however, that further definition
of this process requires the determination of the
true disequilibrium pH and its magnitude at the
prevailing luminal Pco2 in vivo. This technique is
currently under development in our laboratory.
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